Compression wood affects the overall quality of construction timber and paper quality. We have investigated the microscopic features of lumen shape and tracheid shape for compression wood studies and detection in softwoods. In this paper, we describe a method for directly analyzing tracheid and lumen shape over an entire image. The method uses the Fast Fourier Transform (FFT) and reduces the two-dimensional image data to one-dimensional data, from which lumen and tracheid shape can be evaluated. We illustrate the method by comparison of compression wood images to normal wood images. The results of detecting severe compression wood were successful, while the detection of weak compression wood was not satisfactory.
INTRODUCTION
Image analysis is commonly used to obtain wood morphology characteristics such as the transverse characteristics of tracheids (Evans 1994; Diao et al. 1996; Moëll & Borgefors 2001) . The aim of this paper is to investigate the roundness of lumen and cell shape in microscope images for compression wood studies and detection. A resolution based image analysis system, where low resolution would correspond to averages over whole images and high resolution to individual cell measurements, would benefit from being able to first estimate tracheid shape over an entire image. In such a system, processing speed would be enhanced by first surveying the area at a low resolution and then to zoom in on selected areas or images where more time-consuming individual cell measurements at a higher resolution are of interest. Thus, a rapid cell shape estimation method would contribute to determining which methodologies should be used for different areas. We are concerned with the processing speed of the image analysis system, rather than the time of sample preparation and image acquisition. To allow for rapid image processing, we are interested in estimating lumen and cell shape over entire images, rather than measure individual tracheids.
Detection and studies of compression wood are of importance for the commercial use of wood, due to its often negative effect on product quality. Timell (1986) stated that compression wood is inferior to normal wood in almost all aspects of wood utilization. Historically, compression wood was used, for example, for making skis as noted by Carl von Linné for Pinus sylvestris during his 1732 journey to Lapland (Von Linné 1732). A serious defect of compression wood is its abnormally high longitudinal shrinkage, which causes warping or splitting of lumber containing both normal wood and compression wood. Compression wood converted into chemical pulp gives a low yield, due to the high lignin content. The poor strength of paper made from such pulp is largely due to the helical checking in the walls of compression wood tracheids.
The microscopic characteristics of compression wood are described in Timell (1986) . Although compression wood may be characterized by its cell structure, it is difficult to classify the degree of compression wood quantitatively by manual visual inspection. In particular, the presence of weak compression wood is not easily identified based on cell structure. Severe compression wood generally contains intercellular spaces. Weak compression wood, on the other hand, usually does not contain intercellular spaces. However, the lumen shape of both weak and severe compression wood tends to be round compared to the oval-like, more angular shaped, lumens of normal wood. Lumens may be rounded even though the surface outline of the tracheid is angular. A significant increase in the cell wall thickness, especially the S 1 layer thickness, makes the rounded lumen shape possible for tracheids with an angular outline. Usually, as the severity of compression wood decreases, the tracheids assume a more angular outline. Therefore, the characteristics of cross sections of compression wood we have chosen to focus on are rounded lumen shapes and rounded tracheid shapes.
Although cell shape will not be sufficient as the only compression wood criterion in an automated image analysis system, since even visual compression wood detection based on shape is difficult, it is of interest to be able to automatically detect deviations from normal wood characteristics and we propose a method to evaluate tracheid and lumen shape.
BACKGROUND
Image analysis has been used for compression wood classification in color images of wood discs (Andersson & Walter 1995) . At the cellular level, image analysis has been used to study fiber and tracheid shapes. Jagels and Dyer (1983) used image analysis to study the change of cross-sectional cell shapes during differentiation and the transition of tracheid shapes from earlywood to latewood. Image analysis was used by Diao et al. (1999) to study the differences in tracheid shape between different softwood species.
The Two-Dimensional Fast Fourier Transform (FFT) is a useful tool for analyzing periodicity and directionality in image data. The theory of the FFT and some applications are given in Gonzalez and Woods (1992) . FFT methods, as well as optical diffraction (OFT) methods, were applied to wood cell structure by Fujita et al. (1988 Fujita et al. ( , 1989 Fujita et al. ( , 1996 . Polar coordinate analysis to evaluate the two-dimensional power distribution using the angular distribution function (ADF) and the frequency distribution function (FDF) was introduced for wood images by Maekawa et al. (1993) . Orientation of tracheids and wood fibers of several species were characterized. Similar methods were used by Diao et al. (1996) to analyze the cell arrangement in softwoods and to model tracheid shape, i.e., to obtain average tracheid shape over a whole image. These methods were also used by Diao et al. (1997) to study vessel arrangements of hardwoods.
In these papers, the FFT was performed on dot maps and net maps. The dot maps represented the arrangement of tracheids, or vessels, and thus the dot map FFT contains cell size information. The net map represents the tracheid shape. However, since the cell arrangement and size does not seem to differ significantly between normal wood and compression wood, we focus on the net map, i.e., tracheid shape, and introduce the boundary map as the binary image representing the lumen shape. The FFT is a useful tool since it directly provides averages over the whole input image, without measuring individual tracheids.
MATERIALS AND METHODS

Image acquisition
Samples of Pinus radiata D. Don and Picea sitchensis Carr. were embedded in epoxy resin and 3 μm thick cross sections were cut using a Sorvall JB-IV Ultramicrotome. The sections were mounted on glass slides and viewed with an Olympus BX40 light microscope. The magnification was 10 × 2.5. A camera unit, consisting of the Olympus C-35AD-4 and the Olympus PM-10ADS, was used to obtain micrographs of the wood sections. The micrographs were digitized using an Epson GT-8700 flatbed scanner set at 1600 dpi. Thus the resolution of the digital image was 0.64 μm/pixel. The Epson GT-8700 scanner used the Adobe Photoshop 5.0 and Epson Twain 5 software. Images of size N × N = 1024 × 1024 pixels were obtained from the digitized micrographs and the images were stored in the tif-format.
To improve the contrast of the images, greylevel histogram processing (Gonzalez & Woods 1992) was performed in the following way. Pixels with values less than the 5%-percentile of all the pixels in the image were set to 0 (black), and pixels with values above the 95%-percentile were set to 255 (white). The remaining pixel values were transformed linearly from 0 to 255.
Two test image sets were acquired. Test set A included images where the change from normal wood to compression wood was clearly visible, i.e., helical checking and rounded cell shapes were visible to a human observer. Test set B included images where there is little visible change from normal wood to compression wood. Test set A is from a Picea sitchensis sample (see Fig. 1 ) and test set B is from a Pinus radiata sample. Figure 1a shows a normal wood image, Figure 1b shows weak compression wood in earlywood, and Figure 1c shows severe compression wood in latewood. For test set A, the most obvious difference in characteristics is between Figures 1a and 1c. The radial direction corresponds to the horizontal direction of Figure 1 . Test set B consists of a Pinus radiata normal wood image, a compression wood image and an image of an area from the same wood disc, i.e. at the same height, as the compression wood, but opposite of the compression wood, i.e. opposite wood.
Image analysis
The images of test set A, Figure 1 , and B are binarized into lumen objects (white) and the rest of the image is referred to as background (black), using the method of Graylevel Histogram Thresholding used for confocal microscope images by Moëll and Donaldson (2001) . Here, the complement region of the Graylevel Histogram Thresholding region is used, since light microscope images display the lumens as the bright areas, while confocal microscope images display the lumens as the dark areas.
The foreground, as well as the background, of the thresholded images are processed by square-shaped ring filters (Moëll & Borgefors 2001) , where the size of the square inner box was 1 × 1 pixels, and 10 × 10 pixels. In this application, the radial and tangential lumen diameters were far greater than 10 pixels. The square filter is a fast and efficient method to remove the noise caused by thresholding. If all the pixels in the 1-pixel-thick square border, of the square inner box, have the same specified value, the pixels of the inner square is set to that value. This leads to holes of size 1, and almost all holes of horizontal size ≤ 10 and vertical size ≤ 10 in the foreground (lumen region) (i.e., depending on object location compared to other objects) being filled. Objects of size 1, and almost all objects of horizontal size ≤ 10 and vertical size ≤ 10 in the background being removed. The result for set A is shown in Figure 2 . The outlines, or perimeters, of the lumens are obtained by marking lumen pixels in Figure 2 , which have at least one single 4-neighbor, i.e. edge-neighbor, in the background. We call the resulting image the boundary map. The boundary maps of Figure 2 are shown in Figure 4 .
The FFT image F (u,v) of an input image f (x,y), of size N × N where N is an even integer, is
, where j = √ --1.
The FFT of the net map and of the boundary map are calculated using the FFT implementation of Press et al. (1992) and the origin is shifted to the center of the image. The power spectral pattern (PSP) image is calculated by taking the absolute value of the complex valued FFT image pixelwise. The PSP image is an 8-bit image. The DC component, i.e. the center pixel, of the PSP image tends to dominate and since the absolute values are large, the 8-bit PSP image may be saturated. Therefore, the DC component is set to zero and the other pixel values in the PSP image are scaled linearly to the interval 0-255. The PSP images of the boundary maps are found in Figure 5 . The contrast of Figure 5 has been altered to improve visibility. To interpret the PSP image a polar coordinate system (r, θ), with origin at the center of the image is used. Here, θ = 0° is the right horizontal direction of the PSP image, i.e. the right radial direction in the original image. Power peaks, i.e. bright pixels, in the PSP image correspond to periodic arrangements in the original image. The polar distance r of a power peak corresponds to the frequency of the periodic arrangement. For an image of size N × N the period, T, of the periodic arrangement is T = N/r. The angle at which the periodic arrangement occurs is given by the polar angle θ of the power peak. With the center at the origin and image size N × N, the maximum frequency obtainable was r = N/2-1 = 511. As stated in Diao et al. (1996) , the high frequency domain in the PSPs of net maps gives information on arrangement angles of cell walls, i.e. information about tracheid shape. The low frequency domain, near the central pixel, of the net map PSP image gives information about cell size, both radial and tangential diameters. Since cell shape rather than cell size is of interest in our application, we focus on the high frequency domain of the net map and boundary map PSP images. By high pass filtering the PSP images (Gonzalez & Woods 1992 ) at a frequency r 0 , frequencies lower than r 0 are disregarded.
As illustrated by Maekawa et al. (1993) and Diao et al. (1996) , the angular distribution function (ADF) is an effective tool for analyzing power spectral pattern images. We denote the graylevel of a pixel at the coordinates (r, θ) in the PSP image as g (r, θ). The ADF is obtained for each polar angle θ by adding the graylevels of pixels in the PSP image with polar coordinates (r, θ), where r ≥ r 0 to introduce high pass filtering. We denote this sum by p r (θ). The value for each polar angle is normalized using the sum of the values for all polar angles scanned. So, the ADF value for the angle θ is 180
The interest is in the frequencies corresponding to tracheid and lumen shape, rather than tracheid and lumen size. We have therefore used the high pass frequency r 0 = 65 for both the boundary map and the net map PSP images. within a disc centered at the origin, i.e. center of the PSP image, with radius r = (r 0 -1) = 64 is disregarded. The discs radius in relation to image size N is (r 0 -1)/N = 1/16, thus only a minor part of the PSP image is actually disregarded. Lower frequencies correspond to variations with larger periods, i.e. variations with periods larger than T = N/(r 0 -1) = 16 pixels. The ADFs for the net map PSP images are shown in Figure 6 , and the ADFs for the boundary map PSP images are shown in Figure 7 .
From the net map ADFs of Figure 6 the tracheid shape can be evaluated (Maekawa et al. 1993; Diao et al. 1996) . The peaks around the angles 0° and 180° correspond to the tangential walls. The wider central peak around angle 90° is the superposition of the radial walls. For hexagonal tracheids, the superposition consists of peaks from radial walls at two angles. The rounder the tracheids, the lesser the amplitude and the greater the width of the central peak.
Useful parameters to investigate tracheid and lumen shape, for both the ADF of the net map (see Fig. 6 ) and the ADF of the boundary map (see Fig. 7 ), respectively, would be the peak heights at 90°, and the peak width at 90°. A smaller ratio of the peak height at 90° to the peak width at 90° is likely to indicate a more even distribution of the PSP power spectrum, thus more rounded shapes.
Another approach would be to use curve fitting of the net map and boundary map ADFs. For example, in Fuentes and Favret (2002) , gaussian fitting of the ADFs is used to determine the microscopic topographic structure of metals.
In our application, where rapid image analysis measurement is desired, the deviation from the normal wood reference image is directly calculated as the sum of the absolute difference between the ADF of a normal wood image and the corresponding ADF of an input image, for the angles θ = 90° -20° to 90° + 20°. We call this entity the angular distribution difference (ADD) of an input ADF and a reference ADF, where the reference ADF is the ADF of a normal wood image. That is
For test set A, the normal wood reference image is Figure 1a . Thus, for test set A, the reference net map ADF is Figure 6a and the reference boundary map ADF is Figure 7a . The ADD values of the net map ADFs for both set A and B are shown in Table 1 and the ADD values of the boundary map ADFs are shown in Table 2 . For test set A, the normal wood reference image is Figure 1a . For test set A, the reference boundary map ADF is Figure 7a .
Test set Input ADF Reference ADF ADD value A earlywood, weak compression wood (Fig. 7b) normal wood (Fig. 7a) 4.2% A latewood, compression wood (Fig. 7c) normal wood (Fig. 7a) 10.4% B compression wood normal wood 2.0% B opposite of compression wood normal wood 1.5%
RESULTS AND DISCUSSION
For test set B, the net map ADFs did not display a significant change in tracheid shape between normal wood and compression wood. However, for test set A the tracheid shape becomes gradually rounder from normal wood via weak earlywood compression wood to latewood severe compression wood, see Figure 6a -c. This can be seen from the decrease in amplitude, and widening, of the central peak. The significantly wide central peak of the latewood compression wood (Fig. 6c) indicates contribution from a great number of angles, thus indicating the roundness of the tracheids. The helical checking and intercellular spaces of Figure 6c adds randomness to the FFT spectrum, i.e., also contributes to the widening of the central peak. The peaks from the tangential walls in Figure 6 are likely to be enhanced because of the ordering of tracheids into cell files in the radial direction, i.e. angles 0° and 180°. The discretization of the image into pixels also gives a contribution, in particular, in the horizontal and vertical direction, i.e. at 0°/180° and at 90°.
From the boundary map ADFs of Figure 7 we are now able to evaluate the lumen shapes in the same manner as for the tracheid shapes above. For test set A (see Fig. 7a-c ) the weak compression wood ADF (b) displays barely rounder lumens compared to normal wood (a). The latewood severe compression wood (c), however, is clearly distinguishable from the normal wood. The power spectrum of the ADF of the compression wood is spread out over a wide range of angles, due to the roundness of the lumens. For test set B the ADFs for compression wood and normal wood were considered to be too similar to make a sufficient distinction between normal and compression wood.
For both net map ADFs and boundary map ADFs of compression wood containing helical checking and intercellular spaces, such as in Figure 1c , these features also contribute to the ADD difference between a normal wood ADF and compression wood ADF.
The ADD value of an ADF gives information of the deviation, in relation to the central peak, from the normal wood reference ADF. From Table 1 it is seen that the largest deviation for the test set A net map ADFs, i.e. 10.8%, is for Figure 6c . From Table 2 it is seen that the largest deviation for test set A boundary map ADFs, i.e. 10.4%, is for Figure 7c . Thus indicating that the structure of Figure 1c deviates more from Figure 1a than does Figure 1b . For test set B, the ADD values of the net map and boundary maps are considered too low to significantly determine a structure difference. However, it is worth noting for test set B, that the ADD values of compression wood, for both the net map ADF and the boundary map ADF, are slightly higher than the ADD values, of the net map ADF and the boundary map ADF, of opposite wood. This indicates that the structure, i.e. central peak characteristics, of the compression wood image deviates slightly more from the normal wood image than does the opposite wood image. To summarize, the ADD values of Table 1 and Table 2 indicate that, for test set A, the deviation of shape and structure of the latewood severe compression wood of Figure 1c and the earlywood weak compression wood of Figure 1b is sufficient to automatically detect a deviation from the normal earlywood reference image of Figure 1a . For test set B, the shape deviation of the weak compression wood is not significant for automatic detection. This is also the case for the opposite wood image.
As seen above, latewood severe compression wood can be detected using the ADD values. Although the ADD values give rapid information of shape deviation, additional ADF information, such as peak width, should be considered, in particular, in applications where a scan from pith to bark is performed. Latewood normal wood cells are radially compressed, which yields a more rectangular lumen and tracheid shape. Latewood ADFs are thus likely to contain a more narrow central peak than corresponding earlywood ADFs. Images containing a large portion of latewood normal wood could therefore also give rise to significant ADD values. In a resolution based image analysis system, the high resolution individual cell measurements will aid in separating latewood normal wood from compression wood.
CONCLUSIONS
We have investigated the microscopic features of lumen shape and tracheid shape for compression wood studies and detection. The sample images were chosen so that there is a greater difference between the normal wood image and the compression wood images for test set A than for test set B. Since compression wood detection is based on comparison with a reference image, i.e. a normal wood image, the result is dependent on the difference between the images. Also, as seen in Donaldson et al. (1999) , weak compression wood of Pinus radiata tends not to have a rounded tracheid and lumen shape. Thus the method for detecting compression wood is species dependent . In species where the compression wood shapes are similar to the shapes of normal wood, it is more difficult to distinguish between compression and normal wood. This is also the case for manual visual inspection of such images.
For reproducibility, the sample preparation and microscopy were described in detail. However, an advantage of the method is that it is suitable for images with similar image quality, i.e. resolution and field of view, independent of the image acquisition technique used. The larger the field of view, the larger the number of cells, and thus the more distinct power peaks in the PSP images. A digital image requirement is sufficient contrast between lumen and cell wall, for the use of automatic Graylevel Histogram Thresholding (Moëll & Donaldson 2001) .
The image analysis part of the method, once embedding and sections are made and after microscopy, is automatic and relatively fast. The skeletonizing and the FFT calculation are the most time-consuming steps. Two-dimensional data are reduced to one-dimensional data, i.e. the angular distribution functions, which saves memory and allows for rapid processing if the method would be included as part of a larger image analysis system. We have used 8-bit images, however, with improved computer power, 16-bit images are likely to enhance the accuracy of the ADD values without the loss of measurement speed.
This method would be of use in studies where wood morphology on the cellular level is of interest and where microscope images are used for a range of purposes. The method, including microscopy, cannot compete in processing speed with methods developed for larger areas, for example whole stem wood discs (Andersson & Walter 1995) , or real-time compression wood detection on sawn timber (Nyström 1999) .
Due to the different characteristics of compression wood, we do not consider this method to be suitable as the only tool for detection and/or grading of compression wood. We envision the main use of this method to be in automated scanning systems as one of the criteria for compression wood detection. An example where it would be useful is to perform scans from pith to bark of a tree, where it is of interest to determine if certain areas are likely to contain compression wood. Therefore, a range of images were studied in this paper.
Future research interests should be directed towards combining the proposed method with other wood criteria for compression wood detection. An example is lignin content, which was proposed by Donaldson et al. (1999) to be a factor that is distinguishable even between normal wood and mild compression wood. In such studies, it would be useful to investigate a large number of normal wood and compression wood images in both earlywood and latewood to determine angular distribution difference (ADD) selection criteria for the desired species and application.
